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We have cloned the drosocrystallin gene (dcy) of Drosophila melanogaster, which encodes a major protein of the corneal
ens, previously described in part by Komori et al. (1992, J. Cell Sci. 102, 191–201). Synthesis of the DCY protein starts
eakly in 2-day-old pupae, reaches a peak at day 3 and day 4 of pupal development, and decreases very fast in young adults.
he dcy mRNA is detected in the compound eyes as well as in the ocelli. The presence of a putative signal peptide and the
xtracellular location of DCY suggest that DCY is a secreted protein. Interestingly, the dcy gene shows sequence
imilarities to some insect cuticular proteins and is detected as well in two closely related Drosophila species, D. sechellia
nd D. simulans, and in one more distantly related species, D. virilis. This finding supports the hypothesis that Drosophila
sed the same strategy as vertebrates and mollusks, namely, recruiting a multifunctional protein for refraction in the
ens, by a gene-sharing mechanism. Furthermore, it supports our intercalary evolution hypothesis, which suggests that
he development of an elaborate structure (for example, a compound eye) from an original primitive form (an an-
estral photoreceptor organ) can be achieved by recruiting novel genes into the original developmental pathway.
© 1999 Academic PressKey Words: Drosophila; crystallin; eye development; lens; ocellus.
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In the animal kingdom, eyes have evolved into many
different types, shapes, and sizes, ranging from single pho-
tosensitive cells each shielded by one pigment cell to
complex imaging systems. These different eye types have
been studied extensively at the morphological, physiologi-
cal, and biochemical levels, but many questions about how
they evolved are still open. Due to the broad variety of eye
types found, it has been proposed that photoreceptors arose
as many as 40 to 65 times independently during evolution
(Salvini-Plawen and Mayr, 1977). However, recent molecu-
lar and genetic studies challenge this hypothesis and sug-
gest that the different eye types have evolved monophyleti-
cally from a single ancestral photosensitive organ (Halder et
al., 1995; Oliver and Gruss, 1997). The increase in complex-
ity may be explained by the assumption that different
selective pressures resulted in the recruitment of various
genes into the original eye developmental pathway which
gave rise to a growing variety of eye types (Gehring and
Ikeo, 1999).(
1
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204The crystallin genes offer an example of such intercalary
volution by gene recruitment. The crystallin proteins are
he structural proteins of the lens and are responsible for its
ransparency and the correct refractive index; hence their
ame refers to the function they fulfill, not to a sequence
omology. The vertebrate crystallins can be divided into
wo groups: ubiquitous crystallins (a and bg crystallins),
resent in all major vertebrate lenses, and taxon-specific
rystallins, which are limited to selected taxonomic groups
r species (reviewed in Wistow, 1993; Wistow et al., 1994).
he former are shared by all vertebrates and therefore must
ave occurred in a common ancestor and be quite ancient.
hey show sequence similarity to small heat-shock pro-
eins of Drosophila. The taxon-specific crystallins have
risen more recently during evolution, as the different
isual systems became more elaborate. In many cases they
re either identical or related to metabolic enzymes, like
actate dehydrogenase B for e-crystallin (crocodiles, many
irds), argininosuccinate lyase for d-crystallin (birds, rep-
iles), and a-enolase for t-crystallin (lamprey, some fish,
urtle, several birds). It has been proposed that the crystallin
enes have been recruited by a process called gene-sharing
reviewed in Piatigorsky and Wistow, 1989; 1991; Wistow,
993; Wistow et al., 1994). This might have been achieved
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205crystallin Gene of Drosophila melanogasterby different mechanisms such as modifications of existing
promoters, insertion of new promoter elements, and/or
insertion of enhancers. For example, the guinea pig
z-crystallin protein is encoded by a single gene but has two
different promoters: a GC-rich promoter for its non-lens-
specific expression and a downstream TATA-box promoter
for the transcription of a lens-restricted gene product. The
TATA-box promoter is located in what would otherwise
have been the first intron of the nonrecruited gene (Gonza-
lez et al., 1994; Lee et al., 1994). In some cases the
regulatory modifications were followed by subsequent du-
plication and changes of the lens-specific duplicated gene,
as in the chicken d-crystallin family. The two genes, d1 and
d2, are arranged in tandem, with the d1 gene being ex-
pressed 50- to 100-fold more in the embryonic lens than the
d2 gene (Parker et al., 1988).
Crystallin genes have been cloned from various inverte-
rates including the cephalopods octopus, squid, and cuttle-
sh, the gastropod Aplysia californica, and the cnidarians
Tripedalia cystophora and Cladonema radiatum (reviewed
in Tomarev and Piatigorsky, 1996). The interesting finding
of these studies is that at least in the cephalopods the same
strategy was used as in the vertebrates for recruiting en-
zymes as crystallins.
The visual system of Drosophila melanogaster is com-
osed of three kinds of eyes: Bolwig’s organ, which is the
arval photoreceptor organ, the ocelli, and the compound
yes. The compound eye has the capacity to form an image
nd is old in the arthropod phylum, appearing with the first
ambrian trilobites (see Raff, 1996). The compound eye of
rosophila consists of approximately 800 ommatidia, with
ach ommatidium having its own lens and retina. Each lens
as two parts, a corneal lens and an underlying crystalline
one. The corneal structure forms a multilaminate system,
rocessing a series of alternating high and low refractive
ndices, respectively. Both the corneal lens and the cone are
ecreted from the underlying cone cells and primary pig-
ent cells (Wolff and Ready, 1993). In the cone, a group of
4 different proteins have been identified by two-
imensional gel electrophoresis (cited in Tomarev and
iatigorsky, 1996). The relationship among them is still
nclear but they clearly differ from those isolated from the
hotoreceptor cells. In another study, a highly conserved
rotein was found in the crystalline cones of many arthro-
ods, including D. melanogaster, namely antigen 3G6 (Ed-
wards and Meyer, 1990). The monoclonal antibody
mAb3G6 was originally found to recognize a particular
category of neuroglia from the central nervous system in
the adult house cricket Acheta domestica (Meyer et al.,
1987). Later Edwards and Meyer (1990) showed that
mAb3G6 also reacts strongly with the crystalline cones of
various insects, chilopods, and crustaceae, where the
mAb3G6 recognizes a protein of ca. 85 kDa.
While there are at least 14 different proteins described in
the crystalline cone of D. melanogaster, only three proteins
(45, 47, and 52 kDa) were found in the corneal lens (Komori
et al., 1992). The 52-kDa protein is much more abundant
Copyright © 1999 by Academic Press. All righthan the two smaller proteins and is enriched in the bands
f higher refractive index of the corneal lens. Komori and
o-workers (1992) called it DROSOCRYSTALLIN and sug-
ested that it plays a major role in the formation of the
orneal lens and its alternate refractive indices.
Here we describe the isolation and characterization in D.
elanogaster of the drosocrystallin gene encoding the
52-kDa protein. Apart from its expression in the compound
eyes, we detected it in the ocelli as well. A 441-bp 59
flanking fragment of the drosocrystallin gene is sufficient
to drive the expression of a lacZ reporter gene in the same
cells that express drosocrystallin. It is found in other
Drosophila species as well and, interestingly, the gene
shows similarities to some insect cuticular proteins.
MATERIALS AND METHODS
General Methods
DNA manipulations, Southern blot analysis, and Northern blot
analysis were done according to standard protocols (Sambrook et
l., 1989) unless specified in the text. l phage DNA was isolated
according to Sambrook et al. (1989) and further purified using the
Plasmid Midi Kit (Qiagen), following the manufacturer’s instruc-
tions. In situ hybridization to polytene chromosomes of D. mela-
nogaster was done with digoxigenin-labeled probes (U. Kloter,
personal communication).
Fly Strains
Oregon R was used as wildtype D. melanogaster stock. For
outhern blot analysis, genomic DNA was extracted from the
ollowing wildtype strains: D. melanogaster, D. ambigua (kindly
rovided by Professor Sperlich, Tuebingen University), D. hydei, D.
irilis, D. simulans (Yale University), and D. sechellia (stock
ollected by W.J.G. on the island of Mahe´). As a recipient for
njections, the yw67c23 strain was used. Flies were raised on standard
edium at 25°C, except for D. ambigua, which was raised at 18°C.
Cloning and Sequencing of drosocrystallin
For the isolation of the drosocrystallin gene the following 27-bp
oligonucleotide was designed on the basis of the N-terminal
peptide sequence determined by Komori et al. (1992): CCNATH-
AYYTNAAYCARYTNGCNAAR. The oligonucleotide was end-
abeled with T4 polynucleotide kinase (Megaprime Amersham)
sing [g-32P]ATP (ICN) and used to screen a D. melanogaster
enomic library in the EMBL4 vector (a kind gift from A. Preiss)
erformed with Me4NCl, as described for Southern hybridization
(Burglin et al., 1989). DNA was isolated from the positive phages
and analyzed by Southern hybridization with the 27-bp oligonucle-
otide as a probe. Hybridizing bands were cloned into pBluescript
(Stratagene). A 1600-bp fragment was chosen for the screening of a
late pupal stage cDNA library of D. melanogaster in lgt10 (a kind
gift from L. Kauvar). Again DNA was isolated from positive phages;
the fragments were cloned into pBluescript and sequenced (T7
Sequencing Kit, Pharmacia Biotech).
s of reproduction in any form reserved.
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206 Janssens and GehringPrimer Extension
To determine the transcription start site, the following oligonu-
cleotide was designed: ACGACTAGTTGGCTGCTGC (position
173 to 155 in Fig. 1). Ten picomoles of the oligonucleotide was
incubated with 36 mCi [g-32P]ATP (ICN) and T4 polynucleotide
kinase (Megaprime Amersham) at 37°C for 1 h, and purified by
phenol/chloroform extraction and ethanol precipitation. RNA was
isolated as described for Northern blot analysis. For the hybridiza-
tion we used 20 mg of total RNA from 3-day-old pupae. Hybridiza-
tion and primer extension were carried out as described by Triezen-
berg (1992) with the following modifications: for the hybridization
the samples were heated to 70°C, allowed to cool slowly, and kept
at 30°C for 30 min. After extension no RNase was added.
Immunoprecipitation
35S-labeled DROSOCRYSTALLIN was produced from 2 mg of
drosocrystallin cDNA in an in vitro transcription/translation sys-
tem (TNT T7 Quick, Promega) in a final volume of 100 ml. Twenty
icroliters was used for the precipitation with a polyclonal Ab
gainst the purified 52-kDa protein (a kind gift from H. Matsumo-
o), in the presence of 0.1% BSA, 1% Triton X-100, and 13 Hepes
buffer in a final volume of 100 ml. After an overnight incubation at
4°C, 5 ml of protein G–Sepharose beads (Pharmacia Biotech) was
dded and the incubation was further prolonged for 45 min at 4°C.
he beads were washed three times in Hepes buffer and resus-
ended in 13 electrophoresis sample buffer. The samples were
oiled and loaded onto a 10% SDS–polyacrylamide gel. The gel
as dried and the 35S-labeled proteins were visualized by auto-
adiography.
Northern Blot Analysis
Total RNA was extracted from 700 mg wildtype D. melano-
gaster embryos, larvae, pupae, and adults at different developmen-
tal stages, using TRIZOL (Gibco BRL). From the total RNA,
poly(A)1 mRNA was purified using the Oligotex mRNA Midi Kit
Qiagen). Northern blot analysis was performed as described (Le-
aitre et al., 1995). The following probes were used: a 708-bp
ragment of the drosocrystallin cDNA, (from position 11439 to
2147 in Fig. 1) excluding the conserved cuticular domain and a
ragment of '400 bp of the rp49 cDNA as a control (O’Connell and
osbash, 1984). Both probes were generated by end-labeling with
a-32P]dATP using the Megaprime Labeling Kit (Amersham).
In situ Hybridization on Cryosections
Wildtype D. melanogaster flies at day 4 of pupal development
ere dissected out of the pupal case, the heads were imbedded in
CT compound (Miles), and 12-mm sections were cut with a
ryostat. The sections were dried at 50°C for 20 min and fixed for
0 min in 4% paraformaldehyde/PBS. Afterwards, they were
reated with 25 mg/ml Proteinase K for 5 min, washed with 2
mg/ml glycine, postfixed, and acetylated for 10 min with 0.1 M
triethanolamine, pH 8/0.25% acetic anhydrid. Digoxigenin-labeled
RNA probes were generated both in sense and antisense directions
by in vitro transcription with a DIG RNA labeling mix (Boehringer
Mannheim) and hybridized to the sections overnight at 50°C in
50% formamide/10 mM EDTA/33 SSC/13 Denhardt’s/10% dex-
tran sulfate/100 mg/ml salmon sperm DNA/500 mg/ml Escherichia
coli tRNA. After being washed, the sections were treated with 20
Copyright © 1999 by Academic Press. All rightmg/ml RNaseA, blocked for 20 min with 2% normal goat serum,
and incubated for 2 h with anti-DIG Fab fragments coupled to
alkaline phosphatase (Boehringer Mannheim) diluted 1:500 in PBS.
The sections were washed and incubated for 3 h with staining
solution NBT/BCIP following the manufacturer’s instructions
(Boehringer Mannheim). The color reaction was stopped by PBS
washes and the sections were mounted in Glycergel (Dakopatts).
Southern Blot Analysis on Genomic DNA
Genomic DNA was extracted from different Drosophila species
(see Fly Strains) as follows. Fifty flies of each strain were homoge-
nized in 0.1 M Tris, pH 9/0.1 M EDTA/1% SDS/1% diethyl
pyrocarbonate and incubated at 70°C for 30 min. Potassium acetate
(8 M) was added to a final concentration of 1.12 M, incubated on ice
for 30 min, and centrifuged. DNA was then precipitated with
isopropanol. Five micrograms of EcoRI digested DNA was loaded
on a 0.9% agarose gel and Southern blot analysis at high stringency
was performed. As a probe the EcoRI fragment containing the 1927
bp of the drosocrystallin cDNA was labeled with [a-32P]dATP using
he Megaprime labeling kit (Amersham).
Establishing Transgenic Fly Lines
Four constructs were made containing different 59 flanking
sequences. The cloning was done by PCR and the final constructs
were checked by sequencing.
[yw, dcy (2349/192)-lacZ]: a fragment encompassing 2349 to
192 of the drosocrystallin promoter (see Fig. 1) was cloned as an
coRI–BamHI fragment in the pCaSpeR-bgal vector (in-frame fu-
sion) (Thummel et al., 1988).
[yw, dcy (2349/1863)-lacZ]: this construct contains 2349 to
863 of the drosocrystallin promoter, cloned as an EcoRI–BamHI
ragment in the pCaSpeR-AUG-bgal vector (Thummel et al., 1988).
[yw, dcy (1107/1863)-lacZ] and [yw, dcy (1863/1107)-lacZ]:
hese constructs contain 1107 to 1863 as a BamHI fragment in the
cb vector (a kind gift from M. Affolter), in opposite orientations.
P-element-mediated germline transformation was done as de-
cribed (Rubin and Spradling, 1982; Spradling and Rubin, 1982).
ultiple independent lines were established for the different
onstructs and for the corresponding empty vectors. The chromo-
omal location of each transgene was determined by standard
enetic analyses using balancer chromosomes.
b-Galactosidase Staining on Larval Tissue and
Cryosections
Imaginal discs from late third-instar larvae were fixed in 0.5%
glutaraldehyde in PBS for 20 min at room temperature. Freshly
made cryosections through heads of 4-day-old pupae and of freshly
ecclosed flies were heated for 3 min at 50°C. b-Galactosidase
staining was performed as described for larval tissues (Ashburner,
1989). Imaginal discs and sections were mounted in Glycergel
(Dakopatts).
RESULTS
Isolation of drosocrystallinKomori and co-workers (1992) previously sequenced the
13 N-terminal amino acids of the 52-kDa DROSOCRYS-
s of reproduction in any form reserved.
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207crystallin Gene of Drosophila melanogasterTALLIN protein. In order to isolate the drosocrystallin
cDNA, we designed a 27-bp oligonucleotide, derived from 9
of these 13 amino acids, PIDLNQLAK. With this oligonu-
cleotide as a probe we screened a D. melanogaster genomic
library and picked up 20 positive phages. From 1 phage we
isolated a 1600-bp fragment by Southern blot analysis
which we used to screen a cDNA library. Since the synthe-
sis of the 52-kDa protein begins between 48 and 72 h after
puparium formation (Komori et al., 1992), we chose a
cDNA library covering late pupal stages. From this screen 2
of 7 positive phages were further analyzed and a 1356- and
a 1927-bp fragment were isolated and cloned into pBlue-
script.
Sequence Analysis and Gene Structure of
drosocrystallin
The 1356- and 1927-bp fragments were sequenced and
comparison revealed two identical sequences with the
shorter fragment lacking 671 bp at the 39 end. The longer
ragment reveals an open reading frame of 1416 nucleotides,
oding for a protein of 472 amino acids (Fig. 1). The deduced
mino acid sequence starts with a 19-amino-acid putative
ignal peptide, followed by the previously determined 13
mino acids (Komori et al., 1992). The presence of a
utative signal peptide supports the hypothesis that the
2-kDa protein is a secretory protein based on its location
n the secretory vesicles of the primary pigment cells, in
ddition to its major expression in the lenses (Komori et al.,
992). The 1927-bp fragment contains a poly(A) tail and the
olyadenylation signal AATAAA (Fig. 1). No identical nu-
leotide or amino acid sequences were found in available
atabases, but we did find sequence similarities to some
uticular proteins. To date, more than 30 sequences of
nsect cuticular proteins are available from four different
rders, namely Diptera, Lepidoptera, Coleoptera, and Or-
hoptera. The majority of them contain a loose consensus
equence. This motif was first recognized by Rebers and
iddiford (1988) and was refined later by Andersen et al.
1995) by the alignment of 20 cuticular protein sequences.
he amino acid sequence deduced from the 1927-bp frag-
ent also contains this consensus sequence and in com-
arison with certain cuticular proteins there is also simi-
arity over the region preceding the consensus sequence
Fig. 2). None of the other motifs or repeats, identified in
nsect cuticular proteins (Andersen et al., 1995), are found
n our amino acid sequence. Within the Drosophilidae,
uticular proteins have been cloned from D. melanogaster,
. miranda, and D. pseudoobscura. Comparison with these
sequences showed that our amino acid sequence is most
similar to D. melanogaster EDG-84, which is suggested to
be a pupal cuticular protein (Fechtel et al., 1988; 1989;
Apple and Fristrom, 1991).
To analyze the genomic organization of the putative
drosocrystallin gene, we performed PCR with different
primer combinations on the genomic fragments on one
hand, and on the 1927-bp cDNA fragment on the other
f
Copyright © 1999 by Academic Press. All righthand, and we then compared the length of the obtained PCR
products (data not shown). One genomic clone clearly
contained the whole gene. In addition, we could conclude
that drosocrystallin contained only one intron at the very 59
end of the gene. This was confirmed by partial sequencing:
the intron is 742 bp long and is located between the third
and the fourth codons within the putative signal peptide
coding sequence. This intron position is very similar to that
found in almost all cuticular proteins characterized so far
(reviewed in Willis, 1996), but there is no sequence similar-
ity. The splice site sequences exhibit the appropriate con-
sensus sequences (Mount et al., 1992).
Finally, the gene was mapped to cytological position 33B
on the second chromosome by in situ hybridization to
polytene chromosomes of D. melanogaster (data not
shown).
Immunoprecipitation Assay
As mentioned before, Komori and co-workers (1992)
microsequenced the N-terminal 13 amino acid residues of
the 52-kDa protein. The nucleotide sequence that codes for
this peptide is present in our isolated cDNA. Moreover, we
found a putative signal peptide coding sequence. This result
suggests that the cDNA codes for the previously purified
52-kDa protein (Komori et al., 1992). To obtain more
evidence that this is indeed the case, we in vitro translated
he 1927-bp fragment and performed an immunoprecipita-
ion assay (see Materials and Methods). As shown in Fig. 3,
he in vitro translated protein has a molecular mass of
round 52 kDa and can be immunoprecipitated by the
nti-52-kDa Ab. Controls using an anti-eyeless Ab or with-
ut Ab incubation showed no signal.
From these results we can conclude that we have indeed
loned the drosocrystallin gene, which we propose to ab-
reviate as dcy.
Analysis of 5* Sequences
By partial sequencing of the genomic clones, we found a
441-bp fragment upstream of the ATG start codon (Fig. 1).
Repeated primer extension experiments suggest that the
transcript contains approximately 61 bp of untranslated
leader sequence. However, our two sequenced cDNA clones
both contain exactly 92 bp upstream of the translation start
site. In addition, they both start with the heptanucleotide
ATCAGTT, which perfectly matches the consensus se-
quence for transcription initiation sites in many insect
genes, namely ATCAG/TTT/C (Hultmark et al., 1986).
hus it seems likely that the ATCAGTT sequence is the
ain transcription start site of the drosocrystallin gene.
oreover, there is an appropriately positioned TATA-box
resent at 231 to 225 from this putative transcription start
ite (Fig. 1).
To determine whether this 441-bp fragment constitutes aunctional promoter of drosocrystallin, we cloned the 59
sequences upstream of a lacZ reporter gene, established
s of reproduction in any form reserved.
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208 Janssens and Gehringtransgenic fly lines, and performed b-galactosidase stain-
ngs at different stages of development. On cryosections
rom late pupal and freshly ecclosed flies containing the 59
anking sequence (2349/192), we obtained strong staining
nder the lenses of both the compound eyes and ocelli (Fig.
). To test whether the intron contains any enhancer
ctivity, we also cloned it upstream of the lacZ reporter
ene, in both orientations (1107/1863 and 1863/1107),
FIG. 1. Genomic sequence and deduced amino acid sequence of d
equence to the single intron. From the second exon on the sequenc
re not sequenced completely. The 11 indicates the putative star
epresent the N-terminal peptide determined by Komori et al. (19
ATA-box and polyadenylation signal are written in boldface type.
DNA sequence differs from the genomic sequence in the third co
ARG) on the cDNA sequence, which may be due to polymorphism
enBank, and DDBJ Nucleotide Sequence Databases under Accessand again generated transgenic flies. In another construct
we combined the 59 flanking sequence and the intron, fused
Copyright © 1999 by Academic Press. All rightto lacZ in the putative signal peptide sequence. With
b-galactosidase staining on cryosections of late pupal and
freshly hatched flies, no specific pattern was observed in the
case of the intron alone (1107/1863 and 1863/1107),
whereas the combination of the 59 flanking sequence and
the intron (2349/1863) gave the same pattern as the 59
flanking sequence alone (2349/192). Interestingly, the in-
tron alone showed specific patterns in all imaginal discs,
rystallin. The genomic sequence is presented from the 59 flanking
uced from the cDNA clone is presented, since the genomic clones
e of transcription, as discussed in the text. Boldface italic letters
hich is preceded by the putative signal peptide (underlined). The
sequence that shows similarity to cuticular proteins is boxed. The
resulting in a silent third-base substitution, namely CGG 3 CGA
e nucleotide sequence data reported here will appear in the EMBL,
o. Y18453.rosoc
e ded
t sit
92), w
The
don,independent of its orientation (result not shown). This lacZ
expression was lost when the lacZ expression was driven
s of reproduction in any form reserved.
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209crystallin Gene of Drosophila melanogasterfrom the intron in combination with the 59 flanking se-
quence. We did not detect any staining in imaginal discs of
the 59 flanking sequence alone.
Developmental Expression of drosocrystallin
To determine the temporal expression of the dcy gene, we
extracted poly(A)1 mRNA from various developmental
tages and performed Northern blot analysis (Fig. 4). The
cy mRNA was not detected before pupal stages (data not
hown). The first signal was detected on day 3 of pupal
evelopment. However, longer exposure also revealed a
ery weak signal already on day 2. Transcription is still very
igh at day 4 of pupal development and decreases strongly
n young adults. These results are in agreement with those
f Komori and co-workers (1992), who showed that the
ynthesis of the DCY protein starts between 48 and 72 h of
FIG. 2. Sequence comparison between DCY and selected cuticu
wissProt databank) are from Drosophila melanogaster, DM-EDG
(P80682), TM-LCP A3A (P80683), and TM-ACP20 (P26967); Loc
(P45583), and LM-ACP21 (P81225); and Anopheles gambiae, AG-
Below the protein sequences is the consensus sequence of Anderse
is given. At the right the percentage identity with the given seque
FIG. 3. Immunoprecipitation of DCY. The in vitro translated dcy
cDNA was incubated with anti-52-kDa protein Ab (lane 1), anti-
EYELESS Ab (lane 2), and without Ab (lane 3). Arrowhead points to
the immunoprecipitated DCY protein. Molecular masses are given.
Note the presence of a nonspecific band appearing in all the lanes.
Copyright © 1999 by Academic Press. All rightuparium formation. The spatial expression of the dcy gene
as examined by in situ hybridization on cryosections of
eads of 4-day-old pupae. This experiment showed that the
RNA is restricted to cells below the lens, most likely the
rimary pigment cells and/or the cone cells (Figs. 5A and
B).
The localization of the mRNA and the presence of a
utative signal sequence support the hypothesis that the
rotein is secreted from the primary pigment cells. In
ddition to the expression in the compound eye the dcy
RNA was detected in the ocelli, most likely in the
orneagenous and the retinula cells (Fig. 5C). (For a detailed
escription of the ocellar structure, see Stark et al. (1989).
roteins. The sequences (with their accession numbers from the
49773); Tenebrio molitor, TM-LCP A1A (P80681), TM-LCP A2B
migratoria, LM-ACP7 (P11733), LM-ACP8 (P11734), LM-ACP19
(2961125). Identical amino acid residues are indicated by a dot.
al. (1995). At the left the position number of the first amino acid
f DCY is presented.
FIG. 4. Developmental Northern blot probed with dcy and rp49
cDNA. Each lane contains approximately 5 mg of poly(A)1 mRNA
of Drosophila melanogaster. Stages are as indicated. P1, first day of
pupal development; P2, second day of pupal development; P3, third
day of pupal development; P4, fourth day of pupal development; A,lar p
84 (B
usta
CP2dfreshly ecclosed flies. The dcy transcript is approximately 1.9 kb in
length. The rp49 transcript is circa 0.6 kb long.
s of reproduction in any form reserved.
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210 Janssens and GehringOccurrence of drosocrystallin in Drosophila
Species
We examined the distribution of dcy in other Drosophila
species using Southern blot analysis. Genomic DNA was
FIG. 5. Drosocrystallin expression in the wildtype Drosophila
melanogaster compound eye and in the ocellus. In situ hybridiza-
tion on cryosections of a head of D. melanogaster at day 4 of pupal
development, with DIG-labeled dcy sense mRNA. (A) Section
through a complete head. (B) Detailed view of some ommatidia of
the compound eye. (C) Section through an ocellus.extracted from D. melanogaster, D. ambigua, D. hydei, D.
simulans, D. sechellia, and D. virilis and digested with
a
l
Copyright © 1999 by Academic Press. All rightcoRI since there is no EcoRI site found in dcy of D.
elanogaster. After hybridization with the dcy cDNA we
etected a single band in the genomic DNA of D. melano-
aster, sechellia, simulans, and virilis (result not shown),
uggesting that these Drosophila species contain a putative
omologue of drosocrystallin.
DISCUSSION
We report here the isolation and the characterization of
the drosocrystallin gene. DCY is a major protein of the
orneal lens of D. melanogaster, which was first described
by Komori et al. (1992). Based on this work we isolated a
1927-bp cDNA clone, which contains an ORF coding for a
protein of 472 amino acids. In the protein sequence we
identified an N-terminal 13 amino acid peptide, which has
been determined previously by microsequencing the DCY
protein (Komori et al., 1992), preceded by a putative signal
peptide (Fig. 1). By immunoprecipitation we confirmed that
our isolated cDNA clone codes for the DCY protein (Fig. 3).
To our knowledge this is the first crystallin gene cloned
from an insect corneal lens.
dcy Expression in Lens and Ocellus
Komori and co-workers (1992) detected the DCY protein
in the lenses and in the secretory vesicles of the primary
pigment cells and therefore suggested that the protein is
secreted into the acellular lenses by the primary pigment
cells. We detected the dcy mRNA in cells under the lenses
of the compound eye. By comparing the lacZ expression
pattern driven by the dcy 59 flanking sequence with that
driven by the ninaE promoter, we conclude that the expres-
sion is confined to the primary pigment cells and/or the
cone cells (Figs. 5A and 5B). A more detailed analysis should
be performed in order to be really sure of the identity of the
positive cells. However, the localization of the dcy mRNA
nd the presence of a putative signal peptide already
trongly support the hypothesis that DCY is indeed a
ecreted protein. The dcy mRNA is also present in cells
nderlying the ocellar lenses in pharate adults, probably in
he corneagenous cells and the retinula cells (Fig. 5C). Thus,
he situation seems to be similar in the compound eyes as
ell as in the ocelli: the DCY protein is presumably
ynthesized in cells underlying the ocellar lens and is
fterward secreted into the acellular lens. However, it
emains to be shown whether the DCY protein is present in
he fully developed ocelli.
The synthesis of dcy mRNA starts weakly at day 2 of
upal development, reaches a peak during day 3 and 4,
ecreases drastically in young adults, and is no longer
etectable in adult flies older than 1 day (Fig. 4). These data
re in agreement with the results from Komori et al. (1992),
ho showed that DCY protein synthesis begins at day 2fter puparium formation. They concluded that the corneal
ens is fully developed by 96 h of pupal development. Since
s of reproduction in any form reserved.
ent.
211crystallin Gene of Drosophila melanogasterthere is still a small amount of mRNA present in young
adults, however, the synthesis might continue at a very low
level in the young flies. The absence of dcy mRNA in adults
older than 1 day indicates that there is no, or very little,
protein turnover in the mature lenses. This has also been
shown in vertebrate lenses: the central fiber cells lose the
nucleus and serve throughout the whole life span of the
animal. In cephalopods, however, it seems as if the adult
lens continues to grow and synthesize crystallins (cited in
Tomarev and Piatigorsky, 1996). Komori et al. (1992) did
not detect any DCY protein in head-minus-eye, thorax, and
abdomen preparations from adult flies.
From the analysis of the 59 flanking sequence we con-
clude that the 441 bp upstream of the translation start site
are sufficient to drive the expression of a reporter gene in
the cells expressing drosocrystallin (Fig. 6), which strongly
suggests that these sequences represent a functional pro-
moter of the drosocrystallin gene. However, since we did
not carry out a more detailed analysis of lacZ expression
outside of pupal and adult heads, we cannot rule out the
possibility that more upstream sequences are necessary to
exclusively restrict the expression to the eyes and ocelli.
FIG. 6. Expression of a lacZ reporter gene driven by the 59 flanki
of a [yw, dcy (2349/192)-lacZ] fly head at day 4 of pupal developm
eyes (arrow) and under an ocellus (arrowhead).Furthermore, it is clear that the intron contains enhancer
activity since it gives a specific pattern in the imaginal discs
Copyright © 1999 by Academic Press. All rightin both orientations. Whether these intronic sequences
have any regulatory function in the control of drosocrystal-
lin expression still remains to be determined. Since several
of the crystallin genes are Pax-6 dependent (see Cvekl and
Piatigorsky, 1996 for review), dcy may also be regulated by
eyeless or twin-of-eyeless, the Drosophila homologs of
Pax-6, through the 59 flanking sequence or the intron.
Similarity of DCY to Cuticular Proteins
An interesting finding concerns the sequence similarity
of the DCY protein to some cuticular proteins. It contains
the cuticular consensus sequence of 25 amino acids
(Andersen et al., 1995) and it also shares some homology
over the preceding 38 amino acids with certain cuticular
proteins (Fig. 2). The nucleotide sequence and the deduced
amino acid sequence are most similar to certain cuticular
proteins of Tenebrio molitor (Coleoptera), Locusta migra-
toria (Orthoptera), and to one protein of the pupal cuticle of
D. melanogaster. In Drosophila, there are five stage-specific
cuticles produced during development: first, second, and
third instar, pupal, and adult cuticle. The major proteins of
quence of the dcy gene. b-Galactosidase staining on a cryosection
A signal is clearly visible underneath the lenses of the compoundng sethese cuticles (except the first- and second-instar larval
stages) are encoded by a discrete set of genes (Chihara et al.,
s of reproduction in any form reserved.
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212 Janssens and Gehring1982). Other cuticular proteins are not restricted to one
particular stage, e.g., YELLOW, which controls the pigmen-
tation pattern in larval and adult cuticle (Chia et al., 1986).
From all the sequences available to date from Drosophila
cuticular proteins, DCY is most related to EDG-84 of D.
melanogaster, present in the pupal cuticle. However, DCY
does not appear to be similar to one particular set of
stage-specific proteins since the similarity to two other
pupal cuticular proteins, EDG-78 and EDG-91, is restricted
to the consensus sequence, which is true as well for the
larval cuticular proteins LCP1–4 from D. melanogaster.
Another feature of various cuticular proteins is the pres-
ence of an intron interrupting the signal peptide (reviewed
in Willis, 1996). The intron length varies from about 60 bp
in several cuticular protein genes of Drosophila (Snyder et
al., 1982; Apple and Fristrom, 1991) to 5.8 kb in a pupal
cuticular protein gene of Bombyx mori (Nakato et al.,
1992). dcy also contains an intron within the putative
signal peptide coding sequence, with a length of 742 bp, but
showing no sequence similarity to introns of cuticular
proteins. Within the cuticular proteins there are some
exceptions to the conserved location of the intron. In D.
melanogaster there are two gene clusters described, which
code for proteins of the third-instar larval cuticle. One
cluster is located at 44D and contains 4 genes (Snyder et al.,
1982); the other is at 65D and contains 12 genes (Charles et
al., 1997). The clustered genes at 44D all contain an intron
of 60 bp in the signal peptide. From the genes of the 65D
cluster, 5 are intronless, and the other genes contain an
intron 60 bp downstream of the signal peptide cleavage site.
(For further discussion, see Charles et al. (1997).) Different
intron positions are present in the cuticular proteins insec-
ticyanin from Manduca sexta (Li and Riddiford, 1992) and
yellow from D. melanogaster (Chia et al., 1986; Geyer et
l., 1986). Noteworthy here is that dcy is located at 33B and
hat there is no cuticle protein gene known in its vicinity.
Phylogenetic Distribution of dcy
Komori and co-workers (1992) already addressed the ques-
tion of the phylogenetic distribution of the 52-kDa protein
among different dipteran flies. For this purpose they ex-
tracted proteins from corneas or eyes of 12 different Dro-
sophila species, plus Musca domestica and Calliphora
rythrocephala. By SDS–PAGE electrophoresis they de-
ected a corneal protein corresponding to the 52-kDa pro-
ein (although with differences in molecular masses) in
early all Drosophila species. However, by immunoblotting
ith an Ab against the first 13 amino acids of DCY, only
he 52-kDa protein of D. melanogaster was recognized. No
ajor protein band resembling the 52-kDa protein was
ound in M. domestica or C. erythrocephala.
However, by Southern hybridization on genomic DNA
rom six different Drosophila species (D. melanogaster, D.
ambigua, D. hydei, D. simulans, D. sechellia, and D. virilis)
with the dcy cDNA as a probe, we were able to detect a
positive band in four species, D. melanogaster, D. sechellia,
Copyright © 1999 by Academic Press. All rightand D. simulans, which are closely related to one another,
and D. virilis, a more distantly related species. From this we
conclude that at least these species contain a dcy homo-
logue. We do not exclude the possibility that D. hydei and
D. ambigua, which are not so closely related to D. mela-
nogaster, have a more diverged dcy homologue that we
cannot detect with our probe.
Origin of dcy
The recruitment of a nonlens protein for refraction into
the lens by a gene-sharing mechanism is a very-well-
documented phenomenon in vertebrates (see Introduction).
The similarities between DCY and insect cuticular proteins
strongly suggest that Drosophila has used the same strategy
s the vertebrates. At one point an ancestral cuticular
rotein might have been recruited to build the insect lens.
he actual absence of DCY protein from other tissues
utside of the lenses (Komori et al., 1992) might be the
esult of subsequent promoter and/or gene modifications,
eading to a lens-restricted transcript. However, more se-
uence comparisons between cuticular proteins and DCY
nd more data about the phylogenetic distribution of DCY
re needed to speculate further on the nature of this
utative ancestor and on the time of its recruitment.
The similarity with cuticular proteins supports the inter-
alary evolution hypothesis (Gehring and Ikeo, 1999). This
ypothesis addresses the question of how homologous
tructures have evolved from an ancestral primitive form,
or example, how the different eye types have developed
rom an ancestral photosensitive cell. In most, if not all,
etazoan eye structures known today, at least two proteins
re extremely conserved: rhodopsin, the visual pigment
esponsible for photon absorption, and Pax-6, which ini-
iates the eye developmental pathway. Hence, one could
magine that in the primitive eye at least those two proteins
ere already present. To develop more complex and elabo-
ate eye structures different genes were subsequently in-
erted into this original eye developmental pathway, result-
ng in complex gene networks found in the imaging systems
resent today. Drosocrystallin is an example of such a gene
hat became integrated into the eye pathway during insect
volution.
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